Jacobson and Delucchi, 2011; WWF, 2011; DNV, 2014). However, in order to realise the full 4 potential of these geographically dispersed and intermittent renewable energy supply 5 resources it is necessary to provide a means of connection. An interconnected electricity 6 network, utilising high capacity long transmission lines, is technologically feasible and can be 7 economically competitive (Chatzivasileiadis et al., 2013; DNV, 2014) . Such a system, known 8 as Supergrid, is currently being developed in Europe, and will be capable of transmitting 9 power from renewable sources using a High Voltage Direct Current (HVDC) grid across the 10 European continent and beyond. 11
Interconnections through this Supergrid are expected to provide a solution to many of the 12 challenges associated with renewables. These include, for example, their intermittency, A crucial early-stage decision regarding the development of interconnections is identifying 29 the most appropriate country(ies) and region(s) with which to make an interconnection(s). A 30 proven means of facilitating similar decisions in other industries is through utilising an 31 appropriate risk assessment process that enables early-stage risk identification, better 1 understanding, and mitigation for potential impacts before they occur (Flyvbjerg et al., 2003 ; 2 Read and Rizkalla, 2015) . Within this context a common language and shared understanding 3 between all engaging countries can help resolve disputes and shape common priorities 4 (Tobiasson and Jamasb, 2016) . However, such a Risk-Based Framework (RBF) to facilitate 5 decision-makers is yet to be developed to encourage the uptake of Supergrids. 6
To address this, the goals of this paper are to describe a robust RBF for selecting the most 7 appropriate country(ies) with which to make grid interconnections and to describe its use via 8 a case study. Even though the need for such an RBF has been identified, this paper presents 9 for the first time the development, application and components of the RBF and is therefore a 10 major contribution to the existing literature (Great Britain Parliament, 2011b; Great Britain 11 Parliament, 2011a; Pöyry, 2016; Tobiasson and Jamasb, 2016) . 12
The RBF includes the identification, assessment, and quantification of uncertainties and 13 whole life cost risks associated with electricity interconnections. robust RBF. This paper shows how expert opinion can be utilised to fulfil such a shortfall. 20 The successful implementation of the RBF in this paper, described through a case study, it is 21 anticipated will encourage the development of interconnections and thereby maximise the 22 utilisation of global renewable energy resources. 23 The major findings of the research described here are: 24
The proposed RBF provides a rigorous means of quantifying risks and uncertainties 25 associated with making energy interconnections. Data scarcity can be successfully addressed 26 using a robust process which incorporates expert opinion. 27
The greatest cost risks for the UK are associated with (a) regulatory framework, and (b) 28 changes in energy policy. The most desirable interconnection option for the UK is with 29 are then combined to determine an overall risk level for each country. 7 8 The process includes mapping identified risks associated with activities to build and maintain 9 interconnections. To measure the level of risk herein expert opinion is used to estimate the 10 range of potential consequences that might arise from an event, situation or circumstance, 11 (e.g. a power cut) and their associated probability of occurrence. Integer rating scales for 12 impact and probability informed by expert opinion are used to produce a semi-quantified risk 13
evaluation. The outcome of this stage is shown for the case study in Section 4.2. 14 15
Stage 4: Risk Quantification 16
Risk Quantification develops a measure of the cost of risks and uncertainties associated with 17 a project, the so called project cost risk, using a combination of whole life appraisal (3. The least risky country with which to make an interconnection is that with the minimum, so 26 determined, cost risk. 27
Developing a cost model through Whole Life Appraisal (WLA) 28
WLA is an economic tool which can be used to make an informed choice between various 29 competing options (in this case for comparing candidate countries for interconnection). b. The opportunity cost of capital (i.e. by utilising a discount rate). 10 11 The Net Present Value (NPV) methodology was chosen as the most appropriate tool to 12 implement the WLA. 13
Developing a Cost-Risk Model 14
Risks and uncertainties were accommodated in the RBF as follows: the ability of the host country to sell spare renewable energy to the recipient 1 country (after meeting its domestic demand); 2 ii) CO 2 related cost savings (e.g. through reduced carbon credit payments). 3
Construction and operational risks were quantified by three point-estimates, derived from 4 three defined scenarios; worst, most-likely and best case scenarios. 5
Triangular and binomial distributions were used to model all cost uncertainties, risks and 6 their likelihood (probability) respectively, except for the growth rate for which a normal 7 distribution was used. 8
Application of RBF to the UK

9
The RBF developed in Section 3.0 is demonstrated here via a case study which identifies the 10 most appropriate country (in terms of the minimum cost risk) for the UK with which to make 11 an interconnection. The risks were subsequently semi-quantified, as described above and using a risk matrix 23 (Figure 2) where the probability and cost impact values were determined by consulting with 24 the panel of experts. 25
Stage 4: Risk Quantification 26
Within the risk quantification stage the probabilities and impacts of the identified 27 construction and operational risks on the costs and benefits of an interconnection with the UK 28 were evaluated using the cost risk model incorporating the NPV method as described above. For the purposes of the case study values of 80th percentile (P80) E e were used (Table 4) for 9 the countries considered (i.e. the result of simulations for E e shows that 80% of them 10 produced values equal to or smaller than the value shown in the Table 4 ). Using these values 11
of E e the revenues were calculated by considering i) the revenue from selling the UK's spare 12 RE to the candidate country and ii) value of CO 2 emission cost savings (i.e. saving the cost of 13 CO 2 emission taxation from generating electricity rather than importing it). 14 As an example, the revenue component for Norway is presented in Table 5 The discount rate used was an after-tax rate of interest that is expected to be earned on 20 investments over the stated period. In this analysis a value of 9% was assumed for all 21 countries based on work by Nooij (2011) for the NorNed interconnection. For the purpose of 22 this case study the discount rate was not considered to be uncertain. 23 The distribution of Norway revenue growth rate is shown as an example in Figure 3 , from 24 which it may be seen that there is a 5 % likelihood of achieving a growth rate of less than 25 0.355% and a 5 % likelihood of achieving one over 3.645 %. This highlights the chance of an 26 overestimation or underestimation of growth estimation for an interconnection project. 27
Therefore any decision regarding building a new interconnection should be informed by this 28 uncertainty and whether it is tolerable. 29
In order to ensure a sufficiently accurate output 10,000 MCS iterations were undertaken to 30 generate a frequency distribution of possible NPVs for each interconnection. Table 6 shows the NPVs, calculated using the most likely values, when excluding identified 5 risks for each country concerned. The chance(s) of achieving an NPV equal to or greater (i.e. 6
Results
3
Single point estimations -NPV (risks excluded) 4
closer to zero) than the NPV's shown was calculated by running MCS. It can be seen that of 7 the 9 candidate countries, only 5 have negative NPVs (i.e. the benefits are greater than the 8 costs). An NPV score for the Netherlands could not be calculated as the projected 'spare' RE 9
was not sufficient to consider an interconnection for this country (see Eskandari Torbaghan et 10 al., 2014). In contrast France was found to have the highest NPV (with a 70% probability of 11 achieving it), whilst Spain had the lowest (with only a 53% probability of achieving it). 12
When considering NPV (with risks excluded) the results suggest that France is the 13 preferential country for the UK to make an interconnection with whilst Spain is the least 14 preferred. Some of the reasoning for this is related to the proximity of France to the UK 15 resulting in low construction costs (Table 6 ). In addition the interconnection capacity 16 between the two countries is projected to be high (i.e. 4000 MW), because of France's high 17 projected spare RE, and the price of exported electricity is low. Conversely the comparatively 18 large distance (Table 6 ) and expanse of ocean between Spain and the UK is a major factor in 19 a connection between the two resulting in highest investment costs (£2.6b) and a relatively 20 low NPV. 21 The probabilities of achieving (as a minimum requirement) these initial NPV estimates are 22 relatively low, for all countries. This demonstrates the uncertainties inherent in using a 23 single-point cost estimation to appraise an interconnection project. This is one of the main 24 reasons behind existing protracted decision-making processes. 25
NPV (risks included) 26
The P80 NPVs values when including identified risks and uncertainties associated with cost 27 and revenue estimations for the 9 candidate countries are presented in Table 7 . When 28
comparing Tables 7 and 6 it can be seen that the hierarchy has remained relatively unchanged 29 with the exception that Ireland is now placed above Denmark. P80 NPVs have however 30 worsened (i.e. NPV values are higher), not least for interconnection(s) between the UK and 1
France and UK and Germany (increasing by 30% and 25% respectively). 2
The higher position of Ireland with respect to Denmark is because of the lower risks impacts 3 associated with an interconnection between Ireland and the UK, than between the UK and 4
Denmark. The lower risks of a UK -Ireland interconnection are also to do with the 5 comparatively short distance between Ireland and the UK, and broadly similar energy and 6 distributing systems (physically and politically). Accordingly, an interconnection between 7
Ireland and the UK was found to have low risk scores associated with identified electricity 8 price and energy policy related risks. 
Profitability Index (PI) 21
For the case study, the Profitability index (PI) was calculated to take into account the possible 22 capital limitation for developing a new interconnection (since more costly projects are likely 23 to have larger NPVs). 24
The profitability index was defined as: 25
Where (units in italics): 27
The calculated PIs are presented in Table 8 . 2
Comparing Tables 6 and 8 it can be seen that the hierarchy has remained relatively 3 unchanged with the exception that Germany is fifth (moving from second place in Table 6 ). 4
This is due to the added consideration of the high investment cost (£1.717 billion) associated 5 with the interconnection between the UK and Germany caused by the comparatively large 6 distance between the two countries ( Table 6 ). 7
The PI index for the France is the highest amongst the 9 candidate countries considered and 8
shows that the interconnection could generate £12 for every pound invested. 9
Sensitivity analysis 10
In order to test the robustness of this approach, a sensitivity analyses was conducted to 11 identify parameters that most influenced calculated NPVs, and therefore those which will 12 require additional scrutiny. Framework to identify the least risky region or country with which to make an electricity 3 interconnection. As such this paper set forward a robust methodological process by which 4 this could be developed. The underpinning methodology consisted of: 5
(1) an initial screening process to identify countries to be excluded from further analysis, 6
(2) a risk identification process, utilising expert opinion, to identify uncertainties associated 7 with both building interconnections and importing electricity, cost-risks associated with the large distance between German and the UK are relatively high, 26 these are offset by Germany's very large projected supply of RE. Spain is ranked as the least 27 preferred country mainly because of the large distance between it and the UK which result in 28 relatively high capital costs and associated risks. 29 The results of the sensitivity analysis emphasises the importance of interconnection revenue 1 estimation, and in particular the component of the benefit associated with selling spare RE, as 2 it was found to have the highest impact on the distribution of NPVs. The estimation of the 3 accrued benefits of selling electricity has a high level of uncertainty as the analysis considers 4 RE availability and price over a 40 year time horizon. This aspect was addressed by 5 generating and including various plausible energy scenarios to estimate RE availability 6
reported. Future development of a modified and updated energy scenario projection model 7 for the involved countries is desirable. 8
As far as the risk quantification process is concerned, a whole life appraisal (WLA) approach 9 has been shown to work effectively when utilised within an MCS. The developed RBF has 10 demonstrated the inherent need for such an approach and highlighted the benefits that can be 11 reaped in terms of informed decision-making. The developed methodology can be used to 12 encourage building new interconnections and can be used by any country, public or private 13 organisation. This becomes readily apparent when it is being used to identify the highest and 14 lowest NPVs, as an indicator for whole life economic benefit associated with construction 15 and operation. 16 The RBF should be considered as a precursor within any risk analysis project and should be 17 applied occur in the initial stages of any interconnection works. 18 One significant barrier to be overcome when adopting the proposed RBF is the availability of 19 appropriate data for risk identification and for estimating the associated risk impacts and 20 probabilities. A well-tried method of tackling this issue, as used in this paper, is to make use 21 of expert opinion. The results of the analysis obtained however will ultimately depend upon 22 the range and quality of the experts considered. Moreover it is important, where possible, 23 when using experts' opinion to mitigate any possible bias. To this end, in this study a pool of 24 20 experts was drawn from across Europe, from both industry and academia, their opinions 25 were recorded via targeted questionnaires and in-depth one-to-one interviews. This produced 26 a well-balanced response making use of knowledge from experts who are well versed in 27 terms of experience in electricity generation and distribution. However it is recognised also 28 that the process of consultation could be improved further to help avoid any unintentional 29 bias by involvement of a wider range of experts and other interview techniques, such as brain 30 storming sessions, risk review meetings during workshops and/or Delphi technique(s). 31
Where possible the preliminary results should be verified against historical data in order to 1 consider the relative weights (i.e. importance to stakeholder groups) of the identified risks 2 (rather than identical weightages as considered here), allowing for more weighting to be 3 placed against key identified risks. 4
In general, a fundamental impediment that acts as a significant barrier for the development of 5 interconnections is changing government energy policy. Interviews with experts revealed that 6 this is a major reason for the current protracted procedures for governmental approvals and 7 can be avoided (in part) through improved engagement with the private sectors. This can be 8 achieved through mechanisms such as public private partnerships (PPPs) in order to facilitate 9 both the procedure and by providing knowhow to help reduce some of the risks that occur 10 when considering the public (or private sector) alone. The procedure developed herein can 11 also help with this process by identifying the causes of significant risks (e.g. the pressure of 12 public opinion) leading to appropriate mitigation measures (e.g. raising public awareness). 13
The current trend for developing renewables can also help address the second major 14 uncertainty found in this research, which related to the availability of tradable renewable 15 electricity. This is also related to and affected by energy policy. Engagement of the private 16 sector could also help here and may enhance the development of interconnections to provide 17 a larger market for renewables. 18 The proposed RBF should also be utilised to model interdependencies and consequential 19 impact of risks associated with construction and operational phases. Further, special attention 20 should be given to develop the model to take into account highly disruptive risks (i.e. those 21 with low likelihood and high impact), such as catastrophic failure, terrorist attacks and 22 political instability of energy producing countries. 23
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